Abstract: Leptin is a hormone informing the body about its fat stores, reducing appetite and foraging and as such reducing fattening of individuals. In laboratory rodents, leptin secretion is highly correlated to the amount of adipose tissue. We compared this to the alternative ecological leptin hypothesis, which based on the behavioural effects of leptin predicts that leptin levels are disassociated from adipose tissue when fattening is of evolutionary advantage to survive coming periods of low food availability. Studying a species that has to survive a dry season with low food availability, we tested the ecological leptin hypothesis, predicting low leptin levels when food availability and thus adiposity is high promoting foraging and fattening, but high leptin levels in the seasons of low food availability, reducing energetic costs due to foraging. We measured leptin levels in 154 samples of free living African striped mice (Rhabdomys pumilio). Striped mice gain significant body mass during the moist season to survive the following dry season with low food availability. We found a strong seasonal effect, with higher leptin levels in the dry season with low food availability, which was in contrast to the hypothesis deriving from studies on laboratory rodents, but in agreement with ecological leptin hypothesis: leptin levels remained low in the period of high food availability, allowing fattening, but increased during periods of low food availability, possibly suppressing energetically costly foraging in an environment where foraging success would have been very low. Leptin correlated significantly and negatively with testosterone levels, and high testosterone levels in the moist season could explain why leptin levels were low even though food availability was high. However, analysing samples from an experimental laboratory study where testosterone levels were increased via implants found no support for a suppressive role of testosterone on leptin. In sum, our study indicates that in a species with seasonal fattening, leptin levels might be uncoupled from the amount of adipose tissue. Leptin is a hormone informing the body about its fat stores, reducing appetite and 23
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foraging and as such reducing fattening of individuals. In laboratory rodents, leptin 24 secretion is highly correlated to the amount of adipose tissue. We compared this to the 25 alternative ecological leptin hypothesis, which based on the behavioral effects of leptin 26 predicts that leptin levels are disassociated from adipose tissue when fattening is of 27 evolutionary advantage to survive coming periods of low food availability. Studying a 28 species that has to survive a dry season with low food availability, we tested the 29 ecological leptin hypothesis of leptin, predicting low leptin levels when food availability 30 and thus adiposity is high promoting foraging and fattening, but high leptin levels in the 31 seasons of low food availability, reducing energetic costs due to foraging. We measured 32 leptin levels in 154 samples of free living African striped mice (Rhabdomys pumilio). 33
Striped mice gain significant body mass during the moist season to survive the following 34 dry season with low food availability. We found a strong seasonal effect, with higher 35 leptin levels in the dry season with low food availability, which was in contrast to the 36 hypothesis deriving from studies on laboratory rodents, but in agreement with 37 ecological leptin hypothesis: leptin levels remained low in the period of high food 38 availability, allowing fattening, but increased during periods of low food availability, 39 possibly suppressing energetically costly foraging in an environment where foraging 40 success would have been very low. Leptin correlated significantly and negatively with 41 testosterone levels, and high testosterone levels in the moist season could explain why 42 leptin levels were low even though food availability was high. However, analyzing 43 4 was associated with a decrease in leptin levels [16] . A decline of leptin levels in winter 66 was also found in Mongolian gerbils (Meriones unguiculatus), but at the same time their 67 body mass increased, which would have predicted an increase, not an decrease of leptin 68 levels [45] . Leptin levels drop significantly in fasting golden spiny mice (Acomys 69 russatus), but fail to increase when they reefed and gain fat mass [10] . It is possible that 70 the disassociation between leptin and adipose tissue in spiny mice allows them to 71 continue eating and to accumulate fat when food is plentiful, while avoiding 72 compensatory increased energy expenditure during foraging when foraging does not 73 lead to a net energy gain. In bats, which increase adipose tissue before hibernating, 74 leptin levels can be dissociated from adipose tissue, such that the appetite reducing 75 signal of leptin might be absent during the fattening period [15] . Also in migratory birds, 76 which often have high fat stores, no correlation between adipose tissue and leptin was 77 found [9] . In sum, several field studies were opposing the general assumption that leptin 78 is positively correlated with adipose tissue (Tab. 1). This lead us to formulate the 79 ecological leptin hypothesis: leptin levels can be dissociated from the amount of adipose 80 tissue, when seasonal fattening is of advantage in a given environment characterized by 81 seasons of low food availability. This hypothesis predicts for species living in 82 environments with seasonal decreases in food availability low leptin levels when food 83 availability and thus adiposity is high to enable surviving the coming season of low food 84 availability, but that leptin levels are high in seasons with low food availability, to reduce 85 ineffective foraging effort. This is in contrast to studies on laboratory rodents, where 86 typically leptin would be high in adipose animals. 87 The striped mouse (Rhabdomys pumilio) from the Succulent Karoo semi-desert 101 of South Africa is an interesting species to study seasonal changes of leptin levels in a 102 free ranging animal. In the Succulent Karoo, breeding takes part during a short 3 months 103 period in spring, which is the season of highest food abundance after rain in winter [33, 104 35]. After spring, a long hot dry season occurs (December to April) which is 105 characterized by low food abundance [33, 35] . Mice gain significant weight in spring 106 increasing adipose tissue, and they loose on average 12% of body weight during the 107 following dry season [33] , when they get into allostatic overload type I (energy intake 108 via food < energy expenditure [18] ). The reduction of food during the dry season and6 thus the resulting allostatic overload is unpredictable, as rainfall might vary between 0 110 and 151mm from January to April (average of 60 + 46mm, data from 10 years at our 111 field site), and accordingly mortality during the dry season varies between 70% and 99% 112
[31]. To be well adapted, striped mice in this habitat must increase body mass during 113 the spring without stopping at a specific body mass, to increase their probability to 114 survive through the coming dry season. During the dry season, food availability is low 115 and mice mainly feed on succulent shrubs of the species Zygophyllum retrofractum, 116 which provides food of high quantity but due to its toxins of low quality, making them 117 unpalatable for livestock (information from the local farmers). Thus, in the dry season 118 striped mice rely on low quality food which is easily available and does not need high 119 foraging activity to be exploited. Therefore, during the dry season activity (including 120 foraging) should be decreased to reduce energy expenditure. If leptin works as a signal 121 to reduce appetite and feeding behavior including foraging, in striped mice leptin levels 122 should be low during the period of high food availability and high during the period of 123 low food availability. This would mean that leptin levels should be low when a lot of 124 adipose tissue is present (when mice are fat in spring) and high when mice are thin and 125 little adipose tissue is present in the dry season. This would be in opposite to the well-126 known positive correlation between adipose tissue and leptin levels described from 127 laboratory mice [2, 7] . 128 Individuals often differ in their energetic requirements, such that they might 129 have different optimal levels of metabolism and foraging activity. This might be 130 represented and regulated in hormones associated to metabolism, including leptin. In the current study we measured leptin levels in free ranging striped mice of 145 different tactics and in different seasons. First, we compared leptin levels between 146 males of the three ARTs, predicting lower levels in philopatric and breeding males, as 147 their RMR are higher and thus they should spend more time obtaining energy via 148 foraging, while roaming males might invest less in foraging but more in sneaking 149 copulation opportunities. Second, we compared leptin levels between the moist season 150 with high food availability, when striped mice have a high body mass, with the dry 151 season, when food availability and body mass are low. We compared between the two 152 alternative hypotheses: (i) leptin secretion is positively correlated with adipose tissue, 153 8 predicting higher leptin levels in the fatter animals in the moist season and in individuals 154 with high body mass, versus (ii) the ecological hypothesis based on the behavioral 155 effects of leptin, predicting low leptin levels in the moist season promoting foraging and 156 fattening, but high leptin levels in the dry season, reducing energetic costs of foraging. 157
Apart from a seasonal influence on leptin levels (2 categories), we also tested directly 158 for a relationship between food availability (measured monthly) and leptin levels. Third, 159
we tested whether leptin levels correlated with other hormones changing seasonally 160 that might influence metabolism, which were corticosterone and testosterone. As we 161 found a significant negative correlation between testosterone and leptin, we also 162 measured leptin levels in serum samples available from an experimental study where 163 testosterone levels had been increased via implants, predicting reduced leptin levels. 
Study area and study period 186
The study was conducted in Goegap Nature Reserve in South Africa (S 29 41.56, E 18 187 1.60). Goegap lies within the semi-desert biome of the Succulent Karoo, which is 188 characterized by cold and moist winters followed by spring with high food abundance 189 and hot dry summers. In spring, the landscape is dominated by short-living ephemerals, 190 otherwise by long living succulent shrubs. 148 blood samples were collected from 191 from each group were fitted with radio-collars (Holohil, Canada) and were radio-tracked 214 to determine sleeping sites locations [34, 35] . Carrying a radio-collar does not 215 significantly affect either corticosterone levels or behaviour in striped mice [28] . Mice 216 that were trapped at a nest as juveniles (body mass <30g) and trapped there 217 subsequently, were regarded as philopatrics. Large heavy males that left their natal 218 group and immigrated into a group of communally breeding females were considered as 219 breeding males. Males that left their natal group and slept alone were regarded as 220 roaming males. Females that showed signs of breeding (lactating nipples, open vagina 221 and loss of body mass indicating parturition, or high body mass indicating pregnancy), 222
were regarded as breeding females. All individuals that were categorised as breeders in 223 the breeding season were also categorised as breeders in the following dry season. 224 225 2.5.
Blood sampling 226
Altogether, we collected 154 blood samples. Mice were trapped at their nests during 227 the morning shortly after they became active to control for possible circadian rhythms 228 of hormone secretion. Mice were trapped within the first 45min after they became 229 active, which changes seasonally due to changes in sunrise, with the earliest sample 230 being taken at 6:30 in November, and the latest at 8:35 in September. Traps were 231
watched from a distance of 10 m and, as soon as a mouse entered a trap, it was taken 232 out and anaesthetized with di-ethyl ether [28] . A blood sample of 200-500µl (depending 233 on body mass) was obtained from a sub-lingual vein, a less harmful method than 234 traditionally used techniques of blood sampling [12] . Each sample was taken within 2-235 3min to avoid a stress response [28] . Samples were stored at -20 °C at the research 236 station and transported to Strasbourg on dry ice for processing. 237 238
Hormone assays 239
We used the commercial EIA kit A05176 for mouse/rat leptin from SPIbio France. Serial 240 dilution of two pools of striped mouse serum paralleled the standard curve. Spiking of 241 two pools with the standards S0.1, S0.2, S0.5, S1.0 and S2.0 added yielded 100.8 + 242
16.6% and 94.7 + 9.6% recovery. Intra-assay coefficient of variation for one pool of 243 striped mouse plasma was 8.1% for five samples. Inter-assay coefficients of variation for 244 two pools of striped mouse plasma were 11.2% and 13.7% (each pool analysed in four 245 assays). 246
In 118 (of the 154) samples, we also measured corsticosterone and testosterone, 247 using commercial kits from IBL Hamburg, which were previously validated for striped 248 mouse serum [28] . Procedures were as stated in the kit manuals, but due to high 249 corticosterone levels typical of this species, samples were diluted 1:99. All 250 measurements were well within the standard curve of the assay. Intra-and inter-assay 251 variability was determined with pools from striped mice. Intra-assay variability of eight 252 measurements was 8.3% and 12.3 %. Inter-assay variability for five measurements was 253 6.4% and 2.3 %. 254 255
Experimental increase of testosterone levels 256
We found a significant and negative correlation between testosterone and leptin levels 257 in our field samples (see results), which indicates that high testosterone levels could 258 suppress leptin secretion. We therefore measured leptin levels in 25 serum samples that 259
were available from another published study [24] where testosterone levels were 260 increased in philopatric group-living males (36.0 ± 2.4 days old) using subcutaneous were measured more than once, individual ID was included as random factor in each 271 model. Error degrees of freedom (df) were calculated using the Satterthwaite method. 272
Effects were tested using type III (simultaneous) modelling, i.e. in multiple effects 273 models parameters for each independent variable were corrected for all other fixed 274 effects in the model. We tested residuals for normality using the Shapiro-Wilk test, and 275 we had to log transform leptin data to achieve normality. We used linear mixed models 276 (LMMs) and step wise elimination of non-significant terms. 277
In the first LMM we tested differences in leptin levels between the three 278 alternative male reproductive tactic (categorical factor) during the breeding season, the 279 only season roamers are present (roamers don't occur during the dry season [36]). Body 280 mass and food availability were included as numeric co-factors into this model. 281
To test for a seasonal effect on leptin levels, roamers were removed from the 282 analysis, as roamers do not occur during the dry season. This LMM had season, sex and 283 social category (philopatric or breeder) as dependent variables, all of which were 284 categorical. As food availability was highly correlated with season, it was not included 285 into this model, but into a third model, where it replaced season. 286
We also run a LMM to test the prediction that breeders decreased body mass 287 during the dry season. As philopatrics can still change body mass because of growth, 288 which is impossible in breeders (>8months old), we ran one extra model for body mass, 289 only considering breeders. 290
For an influence of corsticosterone and testosterone on leptin levels we used 291 partial correlations, which means correlations taking into account the effect of the other 292 hormone. For this we used the non-parametric Spearman rank correlation and thus the 293 original (non-transformed) leptin data. Partial correlations were calculated separately 294 for males and females, which are known to differ significantly for both hormones [28] . 295 296 297
Results 298 299

Comparison of leptin levels between three male alternative reproductive 300 tactics 301
Leptin levels did not differ significantly between male tactics (F 43.9 =1.95, p=0.15; Fig. 1) . 302
Food availability (F 43.9 =1.21, p=0.28) and body mass (F 37.2 =0.26, p=0.61) also had no 303 significant effect. After step wise deletion, only reproductive tactic remained, but was 304 still non-significant (F 44.3 =1.74, p=0.19). 305
Seasonal changes of leptin levels and correlation with food abundance 307 and body mass 308
Leptin levels were significantly higher during the dry than during the breeding season 309 (F 119.4 =23.95, p<0.0001; Fig. 1) , and the interaction between season and social category 310 was also significant (F 119.0 =5.01, p=0.03), as the increase was more pronounced in 311 philopatrics than in breeders. The interaction between sex and social category was also 312 significant (F 119.0 =5.18, p=0.02), as the increase occured mainly in males, including male 313 breeders ( Fig. 1) . Social category (F 119.0 =2.26, p=0.13), sex (F 106.7 =0.005, p=0.95), and all 314 other interactions were non-significant. 315
Leptin levels were significantly lower when more food was available 316 (F 120.2 =13.18, p<0.001; Fig. 2) , and the interaction between food availability and social 317 category was also significant (F 123.9 =4.89, p=0.03), as the decrease was more 318 pronounced in philopatrics than in breeders. In contrast to the previous model, social 319 category was now significant (F 124.9 =6.88, p=0.01), but the interaction between sex and 320 social category was not (F 124.9 
N=46, p=0.80). Corticosterone correlated negatively and significantly with testosterone 337
in males (partial r s =-0.51, N=72, p<0.0001), but not in females (partial r s =-0.14, N=46, 338
p=0.36). 339
We found testosterone to decrease significantly in the dry season (F 93.0 =15.40, 340 p=0.0002), to be significantly lower in females than in males (F 93.08 =10.82, p=0.001; Fig.  341 3), and to be influenced by the social category (F 93.09 =4.77, p=0.03), with breeders 342 having higher levels. The interaction between sex and social category was significant 343 (F 93.0 =11.08, p=0.001), as the decrease was especially pronounced in male breeders, 344 while all other interactions were not significant. However, the Shapiro-Wilk test 345 indicated a significant deviation from normality (W=0.97, p=0.01), even though data 346 were log transformed, and no other transformation solved this problem. Normality was 347 not achieved because of the differences between the sexes, which made the 348 distribution too broad. Thus, we also run the LMMs independently for males and for 349 females, reaching normality with log transformed testosterone data. In males, 350 testosterone levels were lower in the dry season (F 50.0 =9.37, p=0.004), while social 351 category (F 42.0 =3.02, p=0.09), and the interaction had no effect (F 49.3 =0.31, p=0.58) 
Influence of experimentally increased testosterone levels on leptin levels 357
Individuals with testosterone implants had significantly higher testosterone levels than 358 individuals with placebos (18.9 + 22.9 ng/ml versus 1.5 + 1.2 ng/ml; t 21 =2.379, p=0.03), 359 but they did not differ in leptin levels (5.5 + 5.4 ng/ml versus 6.7 + 7.0 ng/ml; t 23 =0.487, 360 
Discussion 366
Our results are in contrast to the assumption arising from studies on laboratory rodents 367 that leptin levels should increase in periods in which animals gain body mass [2, 7] . We 368 found low leptin levels in striped mice in the period when they had to gain body fat to 369 survive the coming dry season. In the dry season food availability and body mass 370 declined, but leptin levels did not decline. Instead, leptin levels remained low in females 371 and even increased in males, maybe to reduce appetite and thus energetically expensive 372 and as such ineffective foraging. Thus, our study supports the ecological leptin 373 hypothesis predicting that leptin secretion should be low in periods in which fattening is 374 important to survive coming periods of low food availability. 375
Previous studies have shown that striped mice following ARTs differ in their steroid 376 hormones (both corticosterone and testosterone), as well as in the peptide hormone 377 prolactin [27, 28, 36]. Roamers are expected to spend more energy during roaming and 378 face a trade-off with foraging, such that they can store less energy in the form of fat. 379
Given the important role of leptin in metabolism and energy balance [7] , we expected 380 solitary roamers to show lower leptin levels than group-living striped mice. However, we 381 did not find any differences between male ARTs, and the leptin levels of solitary 382 roamers were similar to the ones of males following a sociable tactic. Thus, we did not 383 find any indication that leptin would play a role in the regulation of ARTs. 384
Our study gives support to the notion that leptin levels can be disassociated from 385 the amount of adipose tissue, as indicated already by other field studies on non-model 386 species (Tab. 1). While we could not directly measure fat mass in our study, several 387 results support this statement: 1. Body mass had no effect in any of the models run. 388
Even when we restricted the data to breeders (to avoid a possible influence of young 389 philopatric adults still growing), which were losing around 10% of body mass from the 390 moist to the dry season, body mass did not influence leptin levels. 2. Food availability 391 was negatively associated with leptin levels, which means when more food was 392 available and mice could store energy as fat, leptin levels were lower, which is in 393 contrast to the hypothesis that food induces increased leptin levels. 3. Leptin levels 394
were not higher during the period of high food availability when the mice were fattening 395 compared to the dry season when mice were losing body mass. The most striking result 396 was that males showed the highest leptin levels in the dry season, when food availability 397 was low. This pattern was especially strong in philopatric males (Fig. 1) . Philopatric 398 females can remain in their natal group to breed the next breeding season, but 399 philopatric males will have to disperse and try to immigrate into other groups. To be 400 further fattening is of ecological relevance and thus of evolutionary benefit. This is the 414 case in bats fattening for hibernation [15] and in birds fattening for migration [9] . Our20 study is the first one which finds support that this is also the case in small mammals 416 surviving drought periods characterized by low food availability. This brings one new 417 aspect into this scenario, which are leptin levels in periods of decreasing adipose tissue. 418
In hibernating bats and in migrating birds, behaviour is mainly fixed, they have little 419 choice than to hibernate / to migrate. However, fasting striped mice during the dry 420 season could be induced to increase foraging activity to decrease body mass loss when 421 their leptin levels decrease. However, in contrast to this proximate prediction based on 422 laboratory studies, we found leptin levels to increase, not to decrease during the dry 423
season. In fact, increasing foraging when no food is available in the environment would 424 not decrease the rate of body mass loss, as no additional highly nutritious food could be 425 found. Instead, the energetic costs of foraging could increase the rate of body mass loss. 426
Leptin has also been reported to increase spontaneous physical activity in rats [3] and to 427 influence metabolism by increasing the sympathetic tone [8, 11] , both of which can lead 428 to a reduction of body mass. However, in wheel running laboratory mice, this effect was 429 only observed in mice selected for high frequency of wheel running but and not in mice 430 from a non-selected control strain [19] . We would expect that spontaneous activity in 431 striped mice is not increased by leptin, as this would lead to non-adaptive high activity in 432 the dry season. In sum, our data support the ecological leptin hypothesis, that leptin 433 levels can be disassociated from adipose tissue when ecological conditions favour 434 continuous fattening. 435
Leptin can be secreted from various tissues, but the main organ secreting leptin 436 is white adipose tissue [6, 17] . So the question arises how leptin levels could be 437 disassociated from the amount off adipose tissue. Obviously, in this case adipose tissue 438 does not secrete an amount of leptin that is directly dependent on the amount of 439 adipose tissue, but somehow leptin secretion by adipose tissue must be supressed. 440
Leptin is known to have a negative effect on testosterone secretion [13, 40] , and as 441 hormones often influence each other, this makes a feed-back loop likely in which 442 testosterone might suppress leptin secretion. Leptin levels were negatively correlated 443 with testosterone levels, and high testosterone levels during the breeding season could 444 have supressed leptin secretion, allowing for fattening. However, our experimental 445 study did not find support for a supressing effect of testosterone on leptin levels. 446
Instead, both hormones might be regulated independently from each other in a way 447 that optimises behaviour and physiology in an environment with extreme seasonal 448 changes in food availability. Alternatively, our study design might not have mimicked 449
well the situation in nature, as our control males were not fasting, but well fed, and as a 450 consequence their testosterone levels were relatively high and theirThis leptin levels 451 were low (comparable to breeding season levels in the field study). In sum, so far it is 452 unknown how leptin secretion from adipose tissue is supressed in the field, and future 453 experimental studies on a potential influence of testosterone must include individuals 454 with low basal testosterone levels. Body mass increases in winter, but leptin levels decrease.
[45]
Spiny mice, Acomys russatus
Leptin levels fail to increase as spiny mice gain body mass after fasting.
[10]
Little brown bats,
Myotis lucifugus
Adipose tissue increases before hibernation, but leptin levels decreased.
[15]
Body mass increases before migration without an increase of leptin levels.
[41]
Dunlin Calidris alpina No correlation between fat stores and leptin levels during migration.
[9]
Raccoon dog,
Nyctereutes procyonoides
Autum fattening prior to winter sleep is associated with low, not high leptin levels, while during the period of fat catabolism (winter sleep) leptin levels are high.
[21]
Echidna, Tachyglossus aculeatus
Seasonal changes in body mass and leptin levels fail to reveal a positive correlation between adipose tissue and leptin, because leptin levels are low in the prehibernating periods of fattening.
[39]
Striped mouse, Rhabdomys pumilio
Leptin levels during the season of fattening are not higher than during the season of fasting and body mass loss. In males, leptin levels are even higher during fasting than during fattening. 
